Health technology assessment (HTA) agencies have conventionally required manufacturers to demonstrate the value provided by their products by some form of economic evaluation. Such agencies typically have had a narrow healthcare-focused perspective when considering these evaluations. Against this background, some authors have argued for a broader perspective (1), including calls for HTAs to account for a technology's environmental outcomes in addition to the conventional health outcomes and costs (2;3). However, HTA agencies have shown little interest to date in accounting for environmental issues (3) .
The idea that environmental outcomes could be usefully incorporated into HTAs would be consistent with other attempts to recognize and account for the environmental impact of public policies. For example, many governments have committed to environmental objectives, like the Kyoto protocol's targets for reducing greenhouse gas emissions (4) . Environmental objectives are also starting to be adopted by healthcare policy makThis research was funded by Novo Nordisk A/S. The authors acknowledge the medical writing assistance of Seye Abogunrin (Evidera) and Ike Iheanacho (Evidera).
ers. For instance, National Health Service (NHS) England in the United Kingdom (UK) has specific targets to decrease carbon dioxide (CO 2 ) emissions generated by the healthcare sector, from an estimated 20 million metric tons of carbon dioxide equivalent (MtCO2e) in 2004 to between 11.20 and 12.20 MtCO2e by 2020 and 6.58 MtCO2e by 2050 (5) . The Swedish government, too, is considering plans that encourage the use of more environmentally friendly pharmaceuticals by means of an eco-classification system, and by paying a green premium for generic drugs (6;7).
These developments invite questions about whether and how environmental outcomes could also be formally considered in HTAs (8) . There are several reasons why we should take this possibility seriously. First, environmental impacts already fall within the scope of the assessment undertaken by some HTA bodies that take a societal perspective, such as Tandvårds-Och Läkemedelsförmånsverket. Second, expanding the remit of other HTA bodies to include environmental impacts would be consistent with the opinion of healthcare decision makers who have expressed their interest in maximizing a broader set of social welfare benefits, including environmental outcomes Figure 1 . Model logic for the environmental adaptation to the health economic model (9) . Third, environmental impacts can interfere with a decisionmaker's objective to maximize population health (10) (11) (12) (13) .
If we accept the policy argument for considering environmental impacts as part of the HTA process, we still face the practical challenge of how to do so. We know of no attempts to estimate the environmental impacts of individual healthcare technologies. However, there have been several attempts to estimate the environmental impacts of health care at a more aggregate level. For example, a healthcare energy impact calculator has been developed to monetize the environmental impact of healthcare energy use in the United States (14) , and NHS England has used a quantitative, environmentally extended input-output analysis method to assess its carbon footprint (15;16) .
The objective of this study is to describe a model to estimate the environmental impacts generated by an individual health technology, to illustrate how environmental impacts could be incorporated into HTAs, and to describe the challenges this approach is likely to pose.
METHODS
An existing health economic model was adapted to incorporate environmental impacts, and was applied to assess the health and environmental impacts of insulin treatment for type 2 diabetes mellitus (T2DM). Specifically, direct and indirect costs were combined with carbon intensity data, estimates of the average CO 2 emissions emitted per GBP spent delivering health services, to estimate the emissions generated as a result of treatment. Figure 1 presents the model logic.
Interventions
Our model considers two treatment regimens: an oral antidiabetic (OAD) medication, and the addition of basal insulin therapy to this OAD regimen. Adding insulin to an OAD regimen is consistent with the National Institute of Health and Care Excellence (NICE) guidelines for patients who do not reach clinical targets when treated with an OAD alone (17) . Based on 2014 prescription data, we assume that patients add either modern basal insulin (80 percent) or human basal insulin (20 percent) (18) .
Health Economic Model
The IMS CORE diabetes model, a validated and wellrecognized patient-simulation model (19;20) . was used to assess the impact of the treatments on healthcare costs and health-related quality of life (HRQL) over a 30-year time horizon. Both costs and HRQL were discounted at an annual rate of 3.5 percent, according to the NICE reference case (21) . Baseline characteristics of the patients simulated in the model, such as age, sex, duration of diabetes, body mass index, ethnicity, and glycated hemoglobin (HbA1c) levels, were based on the cohort included in a European trial (22) . Other patient characteristics that were unavailable from the European trial (including T2DM complications, lipid profile, and blood pressure data), were assumed to be similar to those of patients in the LEAD 1860 study (23) .
The treatment outcome was estimated as improvement in HbA1c level. This information was extracted from a randomized controlled trial of European patients (22) , which suggested that HbA1c levels fell from 9.10 percent following treatment with OAD to 7.94 percent with the addition of insulin. Treatment costs were computed from UK prescription data (18) and end-of-trial doses (22); the OAD-only regimen costs 50.51 British pounds (GBP)/year, and the OAD-insulin regimen costs 417.22 GBP/year.
Environmental Inputs
A treatment has both direct and indirect impacts on the environment. Direct effects are generated as a consequence of the raw materials consumed, as well as waste and emissions generated during the manufacturing, distribution, and use of the treatment. Indirect effects are generated as a result of a treatment's health outcomes, which will impact a patient's need for other treatments and services, each of which generates environmental impacts through its manufacture, distribution, and use. Both types of environmental impact are considered by the model. The environmental impact of treatments is estimated using data on the environmental impact of delivering health care. We identified three sources of healthcare-related CO 2 emissions. The first, which we used in our base-case analyses, provided the carbon-intensity of health care in England that was calculated from CO 2 emissions and budget data provided by UK NHS. Specifically, the following methods were used to estimate CO 2 impacts of treatment: (i) Direct CO 2 impact of treatments: we assume that the CO 2 intensity of treatment equals the average annual CO 2 intensity of pharmaceutical products purchased by the NHS of 0.34 kgCO2e/GBP (16) and (ii) the indirect CO 2 impact of treatment: the indirect costs of treatments, due to general disease management and complications, estimated by the IMS CORE model are converted into CO 2 emissions using the NHS estimate of the CO 2 intensity of 0.23 kgCO2e/GBP (16) .
The other two sources were used in a scenario sensitivity analysis. These sources estimated the CO 2 intensity of cataract surgery (24) and renal services (25) from estimates of their total CO 2 footprint and costs derived from the literature (see Table 1 and Supplementary Appendix 1). In the scenario analysis, these CO 2 intensity estimates were used to estimate the CO 2 impact of T2DM-related eye and renal complications.
As CO 2 intensity estimates are applied to discounted costs, the model implicitly discounts emissions at the same rate as health care resource use, 3.5 percent.
Illustration: The Calculation of Treatment-Related Carbon Emission
The carbon intensity estimates for pharmaceutical treatments were taken from the NHS Sustainable Development Unit (16), who estimated this by dividing the total CO 2 impact of the pharmaceuticals used by the NHS in England (4,380 m kgCO2e) by the amount spent on these pharmaceuticals by the NHS (GBP 12,900 m). This CO 2 intensity estimate was applied to direct cost of pharmaceutical treatments in the model to estimate the CO 2 emissions generated by use of the treatment. For instance, if the cost of OAD per patient was GBP 100, then OAD would be associated with CO 2 emissions of 34 kgCO2e (GBP 100 × 0.34 kgCO2e/GBP).
Model Outputs
The following conventional health economic outcomes were generated by the model: (i) costs of treating and managing T2DM; (ii) incidence and costs of treating each of the T2DM-specific complications; and (iii) estimates of quality-adjusted life-years (QALYs) lived by the patients. These were used to estimate the incremental cost-utility ratio (incremental costs divided by incremental QALYs gained). This model also estimates total and incremental CO 2 emissions and the CO 2 emissions by type of service.
RESULTS
Adding insulin to the OAD regimen increased direct treatment costs by 4,032 GBP and reduced the cost of disease management and complications by 1,384 GBP, for an overall total increase of 2,668 GBP per person (see Table 2 ). The improvement in Hb1Ac with the addition of insulin also resulted in almost 0.36 additional QALYs per patient. Therefore, each additional QALY comes at a cost of 7,432 GBP.
The healthcare resources associated with the insulin-OAD regimen generated 4,704 kg of CO 2 emissions per person, whereas the OAD-only regimen generated 3,647 kg of CO 2 emissions per person. The treatment of T2DM with the Table 2 ). However, this was partly offset by fewer CO 2 emissions as a result of fewer complications with the insulin-OAD regimen (3,019 kg compared with 3,337 kg with the OAD-only regimen). These results were not sensitive to the sources of CO 2 intensity data used. The scenario analysis found a minimal impact on the amount of CO 2 emissions generated by the use of the insulin-OAD regimen (4,749 kg of CO 2 emissions per person) compared with the OAD-only regimen (3,737 kg of CO 2 emissions per person).
DISCUSSION
We had two objectives. The first was to illustrate how environmental impacts could be incorporated into HTAs. This study reports a simple method for incorporating environmental impacts into a health economic analysis. Specifically, the analysis assesses the impact of treatments for T2DM on healthcare costs, HRQL, and CO 2 emissions. The approach adopted was to estimate the cost and HRQL outcomes associated with the treatments using the IMS CORE model and to estimate the CO 2 emissions generated by the associated healthcare resources using CO 2 intensity estimates. This approach is not specific to the IMS CORE model, which was used because it is a validated health economic model; the same approach could be applied to other health economic models.
Our second objective was to describe the challenges this approach is likely to pose. Three challenges were identified: (i) Data on environmental impact in a form that could be incorporated into the model was only available for CO 2 emissions; (ii) CO 2 emissions data were not available at a sufficiently disaggregated level to isolate the impact of individual treatments; and (iii) There is little evidence on how decision makers will use data on the environmental impact of treatments.
As far as we know, ours is the first attempt at incorporating environmental impacts into a health economic analysis of a specific technology. Having done so, we have demonstrated that there are data available for estimating the environmental impact of other health technologies. However, those data have several limitations. CO 2 intensity data are available only for top-level healthcare resource categories, such as acute and primary care services and pharmaceuticals. Because these categories cannot yet be directly mapped to the relevant diabetes-related complications, we used the general healthcare CO 2 intensity data to estimate CO 2 emissions. These CO 2 intensity data capture only a portion of the environmental impacts associated with healthcare resource use (HCRU) and do not reflect the variation in environmental impact of HCRU for different types of complications.
We explored this issue in our scenario analysis, in which we used the CO 2 footprint data for renal services and cataract surgery to generate CO 2 intensity estimates specific to these services. The scenario analysis suggests that, although use of these service-and complication-specific CO 2 intensity values does not have a significant impact on the overall results of the analysis, the environmental impact of a particular healthcare technology, or for a particular disease area, can vary according to the types of resources used. For example, we found that the CO 2 intensity of treating renal failure is 74 percent higher than the NHS average CO 2 intensity, and the CO 2 intensity of cataract surgery is 55 percent lower than the NHS average.
Further work is required to generate better estimates of the CO 2 intensity of healthcare resource use that are specific to the treatment pathways for specific complications, and to generate measures of environmental impacts beyond just CO 2 emissions. Some of this work is already under way. For example, the NHS carbon hotspots report (16) lists CO 2 intensity values for many types of services related to delivering healthcare services (such as pharmaceuticals and medical instruments), as well as a range of more standard spending categories (such as energy consumption, travel, and administrative services). The report uses these data to estimate the carbon intensity of expenditures for several healthcare categories (such as hospital admissions, inpatient bed days, and outpatient visits) for different types/sectors of healthcare services.
Although service-specific CO 2 intensity estimates could improve the accuracy of the model, they would be insufficient to produce an accurate estimate of the environmental impact of new technologies for two reasons: (i) either a technology has yet to be adopted, and so its CO 2 emissions will not be reflected in CO 2 intensity data; or (ii) CO 2 intensity data are estimated at too high a level of aggregation to be able to isolate the impact of individual treatments. It will be necessary to use an alternative method to accurately estimate the environmental impact of individual treatments as part of HTA. One option is life cycle assessment (LCA), a bottom-up approach for collecting data on the resources consumed and the emissions and waste generated during each step of the manufacture, distribution, and use of a technology (26) . Although this approach is resource-intensive and time consuming, it at least produces a comprehensive and detailed picture of the direct environmental impact of the technology. Thus, we encourage manufacturers to undertake LCA for their products and make the data available so they can be used for HTA purposes.
Another question raised by the approach to including environmental impacts that we have outlined here is how environmental data should be incorporated into healthcare decision making, and thus, how those data should best be presented to decision makers. This study simply presents the impact on CO 2 emissions alongside one of the outputs conventionally generated by HTA, the incremental cost-utility ratio. In the example used here, decision makers are able to see that choosing to invest in the new technology reflects an efficient use of resources (being below the cost-effectiveness threshold, and so generating more health than the marginal use of the NHS budget), but it also results in a higher environmental impact.
One option would be to convert environmental impacts into monetary units using estimates, for instance, of the social costs of carbon (SCC), thereby facilitating an "extended" cost-utility analysis (CUA) that incorporates the environmental impact into the cost numerator. However, the SCC is subject to much uncertainty and debate. SCC estimates are influenced by various factors, including the discount rate; the environmental impacts included in the analysis, with some estimates not including nonmarket damages, risk of extreme weather, population growth, future productivity growth, or socially contingent effects; and the weights given to impacts in different geographical regions (27;28) . If SCC estimates are to be incorporated into methods to estimate the environmental impact of health technologies, further work is required to determine policy-makers' preferred SCC methods.
Another alternative would be to use multi-criteria decision analysis (MCDA), an approach that is better established in the field of environmental economics than in health care. MCDA is receiving attention in health care for its ability to capture multiple and conflicting criteria, measured in different units, within a single overall estimate of value (3). While MCDA is currently less accepted than CUA by many HTA agencies (3), further work is warranted to test the feasibility of using these approaches to capture the environmental impacts of health technologies, and to assess decision-makers' preferences for different methods.
Yet another option could be to contextualize the emissions by comparing them with those for the overall healthcare system or for some relevant portion, such as all emissions related to diabetes care. This approach, however, is unlikely to be impactful because the emissions due to any one treatment option, even if extended to all eligible patients, will be very small compared with the larger system. Perhaps as more data on the environmental impacts of health technologies become available and are compiled in some systematic way, as cost-utility data are in various league tables (e.g., the Tufts Medical Center CEA Registry), decision makers will become able to evaluate the tradeoffs between better health outcomes and environmental impacts associated with new treatments.
Given the large monetary costs and known environmental impacts associated with health care and the clearly stated goals of many nations, further research should determine how policy makers would consider environmental impacts when making decisions, and then determine the best way to present the environmental data to support such decision making.
